This work describes developments in the application of Raman scattering and surface-enhanced Raman scattering (SERS) towards the assessment/characterization of carbon in soil. In the past, the nonspecific total carbon mass content of soil samples has generally been determined through mass loss techniques and elemental analysis. However, because of the concern over CO 2 buildup in the atmosphere and its possible role in the "Greenhouse Effect," there is a need for better-defined models of global cycling of carbon. As a means towards this end, there is a need to know more about the structure and functionality of organic materials in soil. Raman spectroscopy may therefore prove to be an exceptional tool in soil carbon analysis. Based on vibrational transitions of irradiated molecules, it provides structural information that is often suitable for sample identification. Furthermore, Raman scattering yields very fine spectral features which offer the potential for multicomponent sample analysis with minimal or no sample pretreatment. Although the intensity of Raman scattering is generally extremely low, the surface-enhanced Raman scattering (SERS) effect can greatly enhance Raman signals (10 6 -10 8 range) through the adsorption of compounds on specially roughened metal surfaces.
INTRODUCTION
Raman spectroscopy may prove to be a valuable tool in a research area of ever-growing importance, characterization of soil carbon systems. This consequence stems from the rapidly increasing concentration of CO 2 in the atmosphere since the mid 1800's. There is concern that, without proper carbon management, CO 2 levels in the atmosphere may lead to unprecedented changes in the earth's climate, the "Greenhouse Effect." Capture of CO 2 from the atmosphere and storage in recalcitrant pools of plant biomass and soil (carbon sequestration) could provide a means of such carbon management. This feat may be possible through special management of forestry and agricultural practices as well as substitution of fossil fuels with biofuels. Such practices not only determine the rates of returning materials to the soil, but also the rates at which soil re-emits CO 2 through decomposition processes. The cycle is very dynamic, and the balance is very sensitive to a variety of environmental conditions. A method of characterizing soil carbon systems in a timely fashion without disturbing the native character of the organic materials in the soil is therefore needed to evaluate the impact of such practices. The challenges of characterizing soil are vast because soil is a dynamic medium with regard to inanimate organic material and living organisms. Besides carbonates, the total organic material in soil is a mixture of plant and animal residues at varying stages of decomposition, of substances synthesized microbially or chemically from decomposition products, and of the remains of living bodies. 1 There is presently a poor understanding of the roles of various compounds and organisms in terms of soil productivity and carbon cycling. The general classification of organic materials in soil includes low molecular weight organic acids, identifiable high molecular weight compounds, and humic substances. Low molecular weight organic acids can be synthesized by metabolic processes in plants (root exudates) or result from the decomposition of identifiable high molecular weight compounds (e.g. long-chain fatty acids, polysaccharides and proteins). They are rapidly degraded by microorganisms and, thus, have a transitory existence in soils. 2 Organic acids routinely identified in soils include acetic, aconitic, benzoic, cinnamic, citric, formic, fumaric, gallic, lactic, maleic, malic, malonic, hydroxybenzoic, phthalic, protocatechuic, oxalic, salicyclic, succinic, tartaric and vanillic. 3, 4 Their abundance generally follows the sequence: aliphatic, aromatic and amino acids. 5 Low molecular weight organic acids function as ligands, thus affecting soil properties and processes by chelating metals in solution and by ligand exchange at metal-hydroxide surfaces. 6 Humic substances comprise a much more stable portion of organic materials in soils. It is an extraordinarily complex category, comprised of a heterogeneous mixtures of compounds ranging to > 300 kDa molecular weight. No single chemical structure can be given to this category; in fact, there has never been a successful separation of humic mixtures into discreet products. Rather, the components of humic mixtures are broadly categorized as humic acids (compounds soluble in water at pH>2), fulvic acid (compounds soluble in water at any pH) and humin (compounds insoluble in water at any pH). True products of the soil, humic substances are defined as condensations of organic radicals produced through catabolism of plant and animal products within the soil. 7 Their roles in the carbon cycle processes in soil are far reaching. In addition to providing buffer activity over a broad pH range, they influence several important physical properties, including aeration, aggregate stability, water capacity, and permeability. 8 Clearly, this category deserves more definitive characterization.
Recently, characterization of various humic substances in soil samples has been accomplished through multistep analyses, including fractionization via ultrafiltration followed by elemental analysis, NMR ( 1 H, 13 C, 31 P), FT-IR, Raman scattering, and even SERS. 9, 10 However, this approach to soil analysis involved sample collection followed by
laboratory-based refinement and analysis. Such steps can disturb the native character of a soil sample. Normal Raman analyses on refined humic samples have been performed using 514.5-and 647.1-nm laser excitation sources. 11 Fourier transform Raman studies have also been pursued with 1064-nm excitation in efforts to reduce the incidence of interfering fluorescence signals from refined humic substances.
12
SERS has the potential of minimizing sample refinement prior to analysis through not only a huge enhancement of Raman signal, but also selective adsorption of specific sample components, and even fluorescence quenching. Furthermore, the extremely narrow features of a Raman spectral signature can allow the characterization multiple sample components simultaneously. 13 The SERS effect was first observed in1974 by Fleischmann and coworkers, who reported strongly enhanced Raman scatter from pyridine molecules adsorbed on electrochemically roughened silver electrodes. 14 In this work, we report the use of several solid surface-based SERS substrates in the detection of humic substances and low molecular weight compounds, including silver island films, redox-roughened copper foils, and silver-and goldcoated alumina substrates. The metal-coated alumina substrates represent a unique approach to SERS substrate development achieved in our laboratory-metal-coated dielectric microparticles. Briefly stated, a layer of dielectric micropartcles (0.5-5 µm diam.) is distributed on a solid support such as glass, quartz, filter paper or cellulosic membrane, and then coated with 50-150 nm of metal via thermal evaporation. Important surface parameters, including particle size, particle density, and silver thickness are easily controlled, thus yielding highly reproducible substrates which are both easy and economical to produce. Several dielectric particle materials, which impart the roughness critical to the SERS effect, have been investigated in our laboratory, including polystyrene, 34 fumed silica, 35 titanium dioxide 36 and alumina. 37 These substrates have been applied to the detection of a variety of environmentally significant compounds, including chlorinated pesticides, 38 organophosphorus compounds, 39 polycyclic aromatic compounds, 40 and fungicides. 41 The microparticle-based substrate technology has been incorporated in several fiberoptic probes used for remote detection. 42, 43 It has also been applied to genomics and biomedical analysis. [44] [45] [46] In these studies, we have coupled alumina-based substrates with electrochemical processes for the detection of humic substances. In particular,
we have observed that copper yields superior performance relative to silver as a metal coating for the alumina-based substrate when used at a holding potential of -1.0 V (vs SCE). In a previous study using electrochemically roughened copper electrodes in an electrochemical cell, Liang et al. attributed a large SERS enhancement for humic substances to the specific binding of carboxylic ions and pyridine-substituted rings onto the copper surface. 26 The copper-coated alumina substrate, reported herein for the first time, may prove to be an attractive alternative to redox-roughened electrodes due to the uniformity of the submicron surface features over relatively large areas, as well as the ease of reproducible fabrication.
EXPERIMENTAL
Instrumentation. The SERS spectra, unless otherwise stated, were collected from an electrochemical cell with the backscattering geometry illustrated in Figure 1 . The 632.8-nm line a HeNe laser (Uniphase, Model 1145, Matecea, CA) was directed into the electrochemical cell with a small right angle prism (4mm X 4 mm face). The laser beam was focused onto the active surface of the SERS substrate, and the SERS signal was collected confocally with a 1", f/1 lens.
The power of the laser at the sample was approximately 8 mW. Rayleigh scatter was rejected from the collected signal with a holographic notch filter (Kaiser) before transmission to the spectrograph. The spectrograph was a single-grating (600 gr/mm), 320-mm monochromator (ISA, Model HR-320) equipped with a red-enhanced intensified charge-coupled device (RE-ICCD). The spectral bandpass, defined by the 30-mm entrance slit, was 3.3 cm -1 . The RE-ICCD (Princeton Instruments, Model RE/ICCD 576S) was thermoelectrically cooled to -34° C. Data acquisition was managed with CSMA v2.0 software, supplied by Princeton Instruments.
The electrochemical cell was a three-electrode system, assembled in a 2" diameter petri dish. The reference electrode for all electroSERS preparations and measurements was a saturated calomel electrode (SCE) (Analytical Sensors, Inc.). The counter electrode was a platinum wire, while a SERS substrate acted as the working electrode. The electrochemical cell parameters were controlled with a Bi-Potentiostat (Pine Instrument Company, Model AFRDE5, Grove City, PA), SERS substrates. These studies involved silver-coated alumina-based substrates, silver-island substrates, copper foil substrates, and copper-coated alumina substrates. For both the silver-and copper-coated alumina-based substrates, the 
RESULTS AND DISCUSSION
"Passive" SERS studies. The microparticle-based substrate technology developed in our laboratory has been used for the detection of a variety of chemicals of health and environmental interest. In nearly all cases the rough metal surface, usually silver, has provided a means for "passive" SERS measurements. In this approach, mere contact of the SERS substrates with analyte solutions has been adequate for detection of analytes at trace level concentrations. Figure 2 illustrates "passive" SERS spectra of compounds which would fit the low-molecular-weight category of organic components of soil, including benzoic acid, p-hydroxybenzoic acid, p-aminobenzoic acid, and o-phthalic acid. All spectra were acquired with alumina-based silver substrates. These SERS substrates were exposed to ethanol-based solutions of the analytes, and spectra were recorded with 25-s acquisition times. Even though concentrations were in the mid-to-high ppm range, reasonable signal-to-noise is manifested by these spectra. Furthermore, the sharp spectral features of each spectrum clearly demonstrate the potential advantage of SERS for in-situ analysis of complex environments such as soil carbon systems. Because of the narrowness of the Raman bands, each spectrum has the capacity for a great deal of information, including the composition of complex samples and structures of sample components. Indeed, characterization of complex trace-level samples without pretreatment has been reported in other studies. 13, 47 While the detection of low-molecular-weight organic compounds via SERS is an encouraging result, the information yielded by observation of such end products can be quite limited in terms of characterizing soil carbon systems. Humic substances, on the other hand, not only comprise the most abundant class of organic compounds in soil, but also are the most dynamic in terms of chemical reactivity. Characterization of soil humic substances can therefore provide greater insight for determination of processes influencing soil carbon systems. Figure 3 illustrates the challenge of analyzing humic substances with Raman and SERS. An attempt at normal Raman measurement of Fulvic acid powder is shown in Figure 3a . Even though this spectrum was acquired with the relatively low-energy, 632.8-nm laser excitation source, it is dominated by a broadband emission from which little information can be extracted. In addition,
"passive" SERS detection was applied to a 1000 ppm aqueous solution of humic acid, illustrated in Figure 3b . While some minor structures are discernable in the SERS spectrum, such features can be attributed to a combination of substrate background and the pixel signature of the ICCD.
ElectroSERS studies
RedOx-roughened copper foils. We have investigated the possibility of using electrochemically-enhanced SERS detection for analysis of humic substances. The motivation for this additional approach was the principle that specific holding potentials applied to a SERS substrate could promote the adsorption of certain molecules to the substrate surface, hence promoting enhanced, selective detection of humic components. Copper was selected as a substrate surface based on its potential reactivity with carboxylic acid groups, which are very abundant in humic substances such as humic acid. A common method of electrochemical SERS detection involves the use of RedOx-roughened metal foils.
In this approach, the SERS substrate can be prepared in-situ through multiple reduction/oxidation cycles, which roughen the metal foil. and 1600 cm -1 , respectively. The broadness of these bands is indicative of a complex, disordered carbon network. 31 Virtually no structure was observed for holding potentials of 0.0 V and -0.5 V. For the discrete holding potentials tested, a dramatic increase in SERS signal was observed at more negative potentials, reaching a maximum at -1.00 V.
(A less-than-optimum signal was observed at -1.25 V, not shown.)
In addition to holding potential, proper RedOx cycling parameters play a pivotal role in the electrochemical enhancement process. For example, Figure 5 demonstrates SERS spectra of the 1000 ppm humic acid sample, acquired 
Hybrid electroSERS studies.
We have investigated the use of the microparticle-based SERS substrate technology as an alternative to RedOx-roughened metal foils in a "hybrid electroSERS" technology. The SERS activity of microparticle-based substrate depends largely on the size of the microparticles, the density of the microparticle layer, and the thickness of the metal coating. These tangible parameters are readily controlled through the judicious selection of microparticles, the use of a programmable spin-coating system for depositing the microparticle layer on the substrate support, and the use of a vacuum evaporation system with a high-precision microbalance for the metal coating process.
With no dependence on chemical processes, SERS substrate reproducibility is greatly enhanced relative to RedOxroughened foils. For example, the standard deviation for ten measurements acquired from various points of a relatively large 1 cm x 2.5 cm area of a microparticle-based substrate surface is routinely <10%. A successful integration of the microparticle-based substrate technology with the electroSERS technique described above could therefore greatly improve quantitative capability while exploiting the electrochemical enhancement. A critical factor in the integration would be an efficient coupling of the working electrode lead to the SERS-active surface. This feat was accomplished by positioning the lead wire at the bottom (glass) side of a copper-coated, alumina based substrate (see Figure 6 ). The wire was immobilized with a copper band, which was wrapped around a 1-cm long section of the substrate, allowing electrical contact between the wire and the rough copper surface of the opposite side of the substrate. The copper band was then wrapped in a heat shrink sleeve. As a result, the only metallic portion of the "hybrid electroSERS" electrode exposed to the sample solution was the SERS-active, copper-coated alumina surface.
SERS spectra of a 1000 ppm soil humic acid solution acquired with the "hybrid electroSERS" electrode are illustrated in Figure 7 . As with the previous studies with the RedOx-roughened copper foil, various holding potentials were tested. Consistent with the previous studies, a dramatic dependence of SERS signal on holding potential was observed. Maximum signal was observed for the -1.0 V holding potential which yielded spectral features of structure and intensity comparable to those observed with the copper foil electrode. As a further demonstration of the dramatic SERS enhancement provided by the alumina-based copper substrate in the "hybrid electroSERS" electrode, Figure 8 depicts SERS spectra of a solution mixture of 1000 ppm soil humic acid and 100 ppm p-aminobenzoic acid (PABA).
Spectra were acquired at various holding potentials. A weak spectrum for low-molecular-weight component, PABA,
was observed even at 0.0 V. As was the case for soil humic acid, the PABA signal was dramatically enhanced at the more negative potentials, indicating enhanced adsorption (likely via the carboxylic acid group). Nevertheless, features attributed to soil humic acid were discernable even in the presence of the dominant PABA spectrum acquired at a holding potential of -1.0 V. This result demonstrates the potential of the "hybrid electroSERS" technology for trace analysis of complex samples. Furthermore, the highly reproducible SERS-active surface of the copper-coated alumina substrate holds promise for improved quantitative capability with the electroSERS technique. Figure 9 , which shows spectra of an aqueous mixture of 1000 ppm soil humic acid, 100 ppm PABA and 1 ppm brilliant cresyl blue at two different holding potentials. It is noteworthy that while both PABA and humic acid contain carboxylic functional groups, BCB does not. Regardless of the dramatic difference in the appearance of these spectra, both were acquired from identical samples with an identical RedOx-roughened copper foil electrode. At the -0.5 V holding potential, the spectrum was completely dominated by the brilliant cresyl blue (BCB) component, even though the concentration of the BCB was at lest 100 times lower than either of the other mixture analytes. Unfortunately, this result demonstrates the possibility of severe background effects from relatively minor inteferents in complex samples. On the other hand, when a -1.25 V holding potential was applied to the SERS-active electrode, the BCB SERS signature was virtually eliminated from the mixture spectrum, allowing the observation of both PABA and soil humic acid spectral features. The fact that the PABA and humic acid bands are so weak yet still observable in the presence of such a spectacularly SERS-active component as BCB further emphasizes the discriminating ability of the electroSERS technique.
Raman and SERS studies have been initiated for determining the feasibility of their use in monitoring soil carbon systems. In these studies, we have selected some low molecular weight organic acids and some humic substances as model samples. Silver-coated alumina-based SERS substrates, which have a history of success for the detection of a variety of compounds of health and environmental interest, were effective in detecting the low molecular weight compounds through mere contact with the analyte solutions. However, this "passive" approach to SERS detection was unsuccessful in the analysis of soil humic acid samples. Consequently, an electroSERS approach has been evaluated for enhanced adsorption and detection of certain components of a very complex soil humic acid sample. Copper was selected as the SERS-active surface material based on its potential reactivity with carboxylic acid functional groups, which are so abundant in humic substances. Using the electroSERS approach in the analysis of aqueous samples, soil humic acid was successfully detected at 1000 ppm concentration when holding RedOx-roughened copper foil electrodes at -1.0 V. However, the general lack of signal reproducibility exhibited by the copper foil electrodes has motivated the development of a new "hybrid electroSERS" electrode, which integrates electrochemically enhanced adsorption with an alumina-based copper SERS substrate with highly uniform surface features. The "hybrid electroSERS" electrode yielded Raman enhancement comparable to that of the RedOx-roughened copper foil while offering dramatically improved signal reproducibility over relative large electrode surface areas. Hence, this new technology holds the promise of improved quantitative ability. Finally, the potential for discriminating against background signals from SERS-active interferents has been demonstrated through tuning the holding potential of electroSERS measurements.
CONCLUSION
Raman and SERS studies have been initiated for determining the feasibility of their use in monitoring soil carbon systems. In these studies, we have selected some low molecular weight organic acids and some humic substances as model samples. Silver-coated alumina-based SERS substrates, which have a history of success for the detection of a variety of compounds of health and environmental interest, were effective in detecting the low molecular weight compounds through mere contact with the analyte solutions. However, this "passive" approach to SERS detection was unsuccessful in the analysis of soil humic acid samples. Consequently, an electroSERS approach has been evaluated for enhanced adsorption and detection of certain components of a very complex soil humic acid sample. Copper was selected as the SERS-active surface material based on its potential reactivity with carboxylic acid functional groups, which are so abundant in humic substances. Using the electroSERS approach in the analysis of aqueous samples, soil humic acid was successfully detected at 1000 ppm concentration when holding RedOx-roughened copper foil electrodes at -1.0 V. However, the general lack of signal reproducibility exhibited by the copper foil electrodes has motivated the development of a new "hybrid electroSERS" electrode, which integrates electrochemically enhanced adsorption with an alumina-based copper SERS substrate with highly uniform surface features. The "hybrid electroSERS" electrode yielded Raman enhancement comparable to that of the RedOx-roughened copper foil while offering dramatically improved signal reproducibility over relative large electrode surface areas. Hence, this new technology holds the promise of improved quantitative ability. Finally, the potential for discriminating against background signals from SERS-active interferents has been demonstrated through tuning the holding potential of electroSERS measurements. . SERS spectra of 1000 ppm soil humic acid at various holding potentials using a hybrid electroSERS substrate, based on copper-coated alumina. Figure 8 . SERS spectra of a mixture of 1000 ppm soil humic acid and 100 ppm PABA at various holding potentials using a hybrid electroSERS substrate, based on copper-coated alumina. 
